Genomic data are useful for attaining high resolution in population genetic studies and have 16 become increasingly available for answering questions in biological conservation. We analyzed 17
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Although the genome size of Rana boylii has not been characterized, the closely related 121 species R. pretiosa, R. aurora, and R. cascadae have been measured at between 7.33 and 9.13 122 billion bases (Sexsmith 1968; Olmo 1973; Vinogradov 1998; Macey et al. 2001; Shaffer et al. 123 2004; Gregory 2016), which is several times larger than most vertebrates. Given that such large 124 genomes often reflect ancient duplications, we paid special attention to the possibility of 125 improperly combining duplicated genomic regions into single clusters in our analysis. Prior 126 research in this area has largely focused on optimizing clustering thresholds, recognizing that 127 lower clustering thresholds potentially combine more divergent paralogs while higher thresholds 128 correctly split them apart, potentially at the cost of splitting single-copy loci that contain highly 129 divergent alleles (Ilut et al. 2014; Harvey et al. 2015) . One favored approach is to choose the 130 level at which the number of recovered loci or heterozygosity roughly plateaus (Ilut et al. 2014) , 131 and we employed this here (Figure 2A ). We also calculated the fraction of loci flagged by 132 pyRAD as being potential paralogs through its ploidy and locus heterozygosity filters, as this 133
gives a sense of the fraction of loci that have been improperly lumped (and therefore the 134 distribution of within-individual paralog genetic distances), with the understanding that these 135 filters will not catch all true biological paralogs. 136
Oversplitting loci with highly divergent alleles can mask true divergence by designating allelic 137 variants of the same locus as non-homologous loci (Leaché et al. 2015) . One way to test if this is 138 a problem in a dataset is to evaluate biases in missing data as clustering thresholds increase along 139 a suspected main axis of variation (i.e. between geographically distant samples). If, for instance, a 140 locus is 4% divergent between two samples at opposite ends of the geographic range, then the 141 locus will be improperly split into two distinct loci if a clustering threshold of 97% is used, with 142 each sample containing data for one of the two loci and missing data for the other. Another 143 7 component of "data missingness" between samples is mutations occurring within restriction sites, 144 the probability of which should, on average, increase with sequence divergence. This is a 145 biological phenomenon that should impart a positive slope to missingness plotted against 146 geographic distance (assuming an isolation by distance model) and is not affected by clustering 147 threshold. The increase of this slope as clustering thresholds increase, therefore, may be 148 considered the result of oversplitting the most divergent loci amongst the most divergent 149 (genetically and, often, geographically) samples. We also evaluated the slopes of genetic isolation 150 by geographic distance across the different clustering thresholds. Again, we reasoned that the 151 most geographically distant samples would be most likely to contain the greatest sequence 152 divergence, and thus pairs of individuals that are further away from one another would be more 153 likely to have their respective allelic variants falsely split into separate clusters, leading to 154 artificially suppressed genetic distance calculations and a flattening of the slope of genetic 155 isolation by distance. Thus, we tested to see at what clustering threshold the relationship between 156 geographic distance and genetic distance became less steep, and the threshold at which pairwise 157 data missingness drastically increased. A similar approach would be to utilize the parameters that 158 maximize the distance/Fst ratio among the major groups under study (Ilut et al. 2014; Rodríguez-159 Ezpeleta et al. 2016), although this requires a priori assignment of genetic groups. Taken 160 together, these factors give a sense of the clustering threshold at which paralogous loci stop being 161 erroneously combined (undersplitting) and true single-copy allelic variants are improperly 162 separated into non-homologous clusters (oversplitting). To implement these approaches, sequence 163 reads were quality filtered, clustered into loci, and genotyped using pyRAD v3.0.66 (Eaton 164 2014) . We evaluated clustering thresholds between 88% and 99% using the four above metrics by 165 parsing the pyRAD statistics and output files. To generate the final genetic dataset used for population genetic and phylogeographic 169 analyses, pyRAD was run with the following parameters: #8/Mindepth=10, #10/Wclust=0.96, 170 #11/Datatype=ddrad, #12/MinCov=4, #13/MaxSH=55, #24/MaxH=2. These parameters 171 correspond to a minimum depth of 10 to include a locus for a sample, a clustering threshold of 172 96% similarity, a requirement that at least four samples have data to retain a locus, a maximum 173 number of individuals being heterozygous for a particular base of 55, and a requirement that 174 samples contain no more than two heterozygous sites at a locus to retain that locus. Mindepth and 175
MinCov are filters for data quality and missingness, respectively, while MaxSH and MaxH serve 176 as filters against potential paralogs being combined in a cluster. 177
Data analysis 178
Phylogenetic analysis was conducted on a concatenated sequence alignment with a maximum 179 of 50% missing data using RAxML v8.2.8 (Stamatakis 2014) . The best-scoring maximum 180 likelihood (ML) tree was found using 20 ML searches with the GTRGAMMA model, and 100 181 rapid bootstrap searches were conducted to assess node confidence. 182
Population structure was evaluated using fastStructure v1.0 (Raj et al. 2014 ). First, loci were 183 retained that contained up to 80% missing data, as tests of population differentiation have been 184 shown to perform relatively well at this level (Fu 2014) . Then, to reduce the effects of physical 185 linkage among variants, a single SNP was randomly chosen from each remaining RAD locus, 186 leaving 38,520 biallelic SNPs for fastStructure analyses across all samples. Ten different random 187
Clustering threshold levels 235
Results from pyRAD runs at clustering thresholds from 0.88 to 0.99 showed a pattern of 236 steadily increasing heterozygosity until 0.96, where it leveled off until a sharp decrease at 0.99 237 ( Figure 2A) . Similarly, pairwise data missingness tended to increase more sharply with increasing 238 geographic distance starting at 0.96 ( Figure 2B ), and the slope of genetic isolation by geographic 239 distance began to drop precipitously at about the same level ( Figure 2C ). Additionally, the 240 correlation of pairwise missingness with geographic distance increased with the clustering 241 threshold, while the correlation of genetic distance with geographic distance increased from 88% 242 to 90%, stayed level until 92%, decreased slightly until 97%, then fell precipitously to 99% 243 ( Figure S1 ). Finally, the percentage of loci flagged as paralogous based on more than two 244 haplotypes in a diploid individual was reduced by roughly half at 0.96 compared to 0.88 ( Figure  245 2D). Across all of the measured values (Figure 2A -D), a clustering threshold of approximately 246 96% or 97% represented a turning point after which our metrics deteriorated. We chose the 247 conservatively lower value of 96% to generate the final dataset used for population genetic 248 analyses (Ilut et al. 2014; Harvey et al. 2015) . 249
After processing with a clustering threshold of 0.96 in pyRAD, 106,000 loci were recovered 250 that contained data for at least four samples (Table 2) . Because missing data among individuals is 251 often high in RADseq studies (Eaton 2014) including ours, we generated two subsets of our data. 252
The first, for RAxML analysis, contained no more than 50% missing data for any locus, resulting 253 in 25,569 loci (2,435,662bp per individual, Table 2 ). The second, for all other analyses, had no 254 more than 80% missing data across all samples, and consisted of 38,575 loci with at least one 255
SNP. 256
RAxML 257
We highlight five main monophyletic groups identified in the RAxML tree that each have 258 100% bootstrap support ( Figure 1B ) and are geographically cohesive ( Figure 1A ). The deepest 259 split in this tree is between coastal populations south of San Francisco Bay (the blue + purple 260 clade in Figure 1B ) and the rest of the species' range. Within the first of these clades, two 261 reciprocally monophyletic groups stand out. The first (purple in Figure 1 RAxML recovered the southwestern California clade as sister to the western California clade,  280 with the longest branch between these samples and all others. The eastern California clade was 281 sister to a clade consisting of the reciprocally monophyletic northwestern California/Oregon and 282 northeastern California clades ( Figure 1B) . The relationships among these groups were fully 283 supported (bootstrap values of 100), but many of the shallower nodes within the five main clades 284
were not as well supported. Bootstrap support values within the different groups differed: 0 of 3, 285 1 of 9, 4 of 7, 7 of 16, and 29 of 48 nodes received less than 95% bootstrap support in the eastern 286 California, northeastern California, southwestern California, western California, and 287 northwestern California/Oregon clades, respectively (grey and white nodes in Figure 1B Table S1 ). For 317 instance, the global fastStructure population consisting of the eastern California and northeastern 318 California clades required four additional rounds of fastStructure to reach the stopping condition, 319 yielding eight distinguishable groups ( Table 5 ). The population corresponding to the northwestern 320 California/Oregon samples, however, required only two iterations to reach the stopping 321 conditions and yielded just three distinguishable groups despite consisting of more than three 322 times as many samples (50 vs 16) and covering a much larger geographical area. Similarly, the 323 western California clade yielded five distinguishable groups after three rounds of fastStructure, 324 15 while the southwestern California clade yielded two clusters corresponding to the two sampling 325
localities. 326
TreeMix 327
TreeMix recovered topologies similar to the RAxML tree, with some interesting differences. 328
Model likelihoods improved dramatically until five migration edges were added, and increased 329 modestly thereafter ( Figure S2 ). The best-scoring TreeMix tree with five migration edges and 330 residual errors for each locality are shown in Figure 5 , and all other runs are shown in Figures 331 S3-S10 (for locality information, see Table 1 ). The western California and southwestern 332
California clades always formed reciprocally monophyletic groups, and the long branch between 333 these clades and the remaining samples was used to root all TreeMix topologies. Similarly, the 334 eastern California localities always formed a monophyletic group and were always sister to the 335 northwestern California/Oregon and northeastern California samples. 336
The five localities that make up the northeastern California clade always formed a 337 monophyletic group. When no migration was modeled, this group was sister to all northwestern 338 California/Oregon localities ( Figure S3 ), but when at least one migration edge was added the 339 northeastern California localities were nested within the northwestern California (Table S2) . 348
349
AMOVA, Fst, and Tajima's D 350
Results from AMOVA show that 29.6% of the total genomic variation is partitioned among 351 water basins compared to nearly twice as much (53.9%) among the five major phylogenetic 352 clades ( Table 3 ). Most of the residual variation in the water-basin AMOVA is attributed to 353 variation among localities within water basins (38.0% as opposed to 18.0% in the phylogenetic 354 clade analysis). This suggests that the deep population structure recovered by RAxML, PCA, and 355 fastStructure is not perfectly captured by membership among the different HUC6-level water 356 basins in California and Oregon. 357
Fst values were extremely high among the five major clades (Table 4 ). The lowest Fst was 358 0.312 for the comparison between northwest California/Oregon and northeast California, and the 359 highest value was 0.794 between the southwestern California samples and the eastern California 360 samples. The southwestern California samples were the most differentiated group from each of 361 the other four groups (average Fst=0.711). Plotting the Fst values of comparisons between 362 localities in the same major clade against geographic distance revealed a strong pattern of genetic 363 isolation by geographic distance within clades ( Figure 6A ). Fst values were generally at least 364 twice as high for comparisons between localities in different major clades compared to those in 365 the same major clade for the same geographic distance (compare black to colored dots in Figure  366 6B), and these comparisons tended to be less affected by geographic distance than within-clade 367 comparisons as is expected among highly divergent evolutionary lineages. 368
Tajima's D values were positive for all clades except for northwestern California/Oregon, 369 which was -0.98 (Table 5 ), suggesting that this clade may have undergone a recent demographic 370 bottleneck/expansion (Tajima 1989 ). Nucleotide diversity values ranged from 0.0010 for the 371 southwestern California samples to 0.0034 for northwestern California/Oregon (Table 5 ). Average 372 sequence distances tended to be greatest when comparing groups to the southwestern California 373 clade, except for the western California clade, which was most distant from the eastern California 374 clade (Table 4) . 375
Discussion 376 377
The central findings of this study were the presence of deep, geographically structured genetic 378 subdivision in Rana boylii throughout its range in California and Oregon and the unambiguous 379 biological patterns that were evident in the sequence clustering threshold evaluation metrics. 380
Sequence clustering thresholds exhibited concordant patterns across the four metrics, showing 381 that biological allelic variation began to be split into different clusters at approximately 97% 382 similarity, and thereby supporting 96% as a threshold that splits the maximum number of 383 paralogous regions while minimizing oversplitting. 384
Clustering level determination 385
The choice of clustering threshold is a key parameter in the analysis of RADseq data, and its 386 optimal value depends on the biological system under study. While any RADseq study would 387 benefit from choosing the correct clustering threshold, this parameter is particularly important for 388 organisms with large genomes, which contain a greater number of potentially paralogous regions. 389
Fortunately, the phenomena of oversplitting allelic variants and undersplitting paralogous loci can 390 be evaluated in a RADseq assembly by assessing the relationship of genetic divergence and 391 18 missingness along a known major axis of genetic variation, as we demonstrate here. Although the 392 metrics that we tested indicate a continuous relationship between each performance criterion and 393 clustering threshold, they also indicate a more precipitous shift in performance at or near 96%. 394
This indicates that most allelic variation in this system is less than 4% divergent, and that 96% is 395 a clustering threshold that serves to maximize the splitting of paralogous loci while minimizing 396 the splitting of allelic variants. or some limited admixture from other areas. One concern is that these estimates of genetic 427 diversity may be influenced by sample size (Subramanian 2016) or relative area, as the two 428 southwestern California localities are extremely close together. However, this does not fully 429 explain the depressed π values in the southwestern California samples; the 9 samples from 430 locality 2 (western California clade) and the 6 samples from locality 50 (northwestern California 431 clade) had π values of 0.0012 and 0.0022, respectively (data not shown), which are both higher 432 than the 0.0010 registered for the 9 samples from two southwestern California localities. 433 Therefore, southwestern California samples appear to be undergoing marked reductions in 434 20 nucleotide diversity compared to other parts of the range (Table 5 ). Future research could explore 435 this further with demographic genetic modeling approaches. 436
Comparison to Lind et al. (2011) 437 Comparison of our results with a previous, primarily mtDNA study of many of the same 438 
Conservation of an ecological specialist anuran 467
Units 468
Our single strongest recommendation is to manage each of the five major phylogenetic clades 469 Figure 4 ). Although our sampling is geographically fairly 484 complete, additional analyses that fill in gaps within and between drainages is necessary to fully 485
identify management subunit boundaries that should help guide management decisions including 486 potential dam removals (Lind et al. 1996 (Lind et al. , 2016 . 487
488
Focus protection and recovery in the southwestern California unit 489
The southwestern California samples were the most genetically distinct of all the samples 490 analyzed here, driving PC1 and PC2 in Figure 3 despite consisting of just nine samples from two 491 nearby localities. We recovered the lowest nucleotide diversity (π) in the southwestern California 492 samples among the five major clades, and the two sampling localities in this clade separated into 493 two distinct populations in fastStructure analyses despite a distance between sites of only 7km. 494
Contrast this with the bulk of the northwestern California/Oregon samples that formed a single 495 fastStructure population despite covering over 50,000 km 2 . The genetic divergence of these 496 samples emphasizes their extreme importance in conservation and management, given that they 497 likely represent the last vestiges of a population cluster that originally spanned stream habitats 498 from Monterey south to Los Angeles County, a distance of over 500 km (Thomson et al., 2016) . 499
The low genetic diversity of the southwestern California samples further points to recent 500 reductions in population size, and emphasizes the challenge they pose for management. 501 with midpoint rooting. Nodes without dots received 100% bootstrap support, those with white 721 dots received less than 95% but greater than or equal to 75% bootstrap support, while nodes with 722 grey dots received less than 75% bootstrap support. Figure  761 5). Locality names (Table 1) are colored according to major clade in Figure 1 . Locality 762 information is given in Table S1 . B) Residuals showing model fit for each locality. 763 
Falloff in inferred paralogs with increasing clustering threshold
Clustering threshold (% similarity) % inferred paralogs PC2: 8.68% 
